While approximately two-thirds of the total centerline miles are unpaved in the state of Wyoming, there is no optimization program for managing these roads. Unlike paved roads, unpaved roads deteriorate from excellent to failed conditions in sometimes less than a year. This deterioration rate necessitates developing a novel methodology for managing them efficiently. When funding is limited, it is important to identify the best mix of road preservation projects that provides the most benefits to society in terms of overall life cycle cost of the road network. This research intends to develop a management system using optimization techniques for managing unpaved roads within limited budget. The common factors that play the most important role for identifying projects are road condition parameters, unpaved road deterioration model, treatment types, cost-factors associated with selecting treatment types, traffic counts, budget, and treatment cost. Road condition parameters include cross section, roadside drainage, rutting, potholes, loose aggregate, dust, corrugation, and ride quality. This methodology will facilitate a statewide implementation of unpaved road management system for counties in Wyoming. The methodology can be easily adopted by other states interested in the management of gravel roads.
Introduction
In the state of Wyoming, transportation infrastructure has many elements: roads (paved and unpaved), bridges, culverts, cattle guards, signs, traffic signals, tunnels, rails, and roadside features. In this state, there are a total of 27,831 centerline miles of roadway owned and maintained by federal, state, and local entities. The responsibilities for maintaining these roads are distributed among different jurisdictions: Wyoming Department of Transportation (WYDOT), Federal Highway Administration (FHWA), local governments, and other state agencies. According to the "Fixing America's Surface Transportation (FAST) Act," each state is required to develop a pavement management system (PMS) to improve or preserve the present pavement condition and the performance of the system [1] . All state DOTs already have their own pavement management systems. WYDOT utilizes its own PMS to maintain 6,844 miles of interstate and state highways. Also, a PMS for managing county paved roads (2,444 centerline miles) is being developed. Currently, there is no PMS or road maintenance database for the 12,000 miles of unpaved roads. In a recent study by Huntington et al. [2] , a recommendation was made to establish a pavement management system for local roads. The local roads of this state are maintained by 3 local governments: counties, cities, and towns. This study concentrates only on the local unpaved roads totaling approximately 12,000 miles that are maintained by counties. Wolters et al. [3] studied the implementation of a pavement management program in a local agency. The recommendations included how to develop a process that best meets the given needs of an agency. This study considered local factors and traffic conditions which are significantly different from the state managed roadways.
Any road management system consists of two basic components: a comprehensive database and a set of tools or methods that can assist decision makers in establishing cost-effective strategies for evaluating and maintaining roads. The comprehensive database should contain current and historical information on road condition, structure, and traffic. The set of tools or optimization techniques 2 Journal of Advanced Transportation will determine existing and future road conditions, predict financial needs, and identify and prioritize road preservation projects. The integral parts of optimizing resources are the deterioration model, maintenance decision process, maintenance and rehabilitation cost, available funding, functional classification of the roadways, and cost-factor associated with the maintenance type. Combining all these factors, this research developed a methodology to identify the best mix of road preservation projects within a certain budget. The methodology will ensure that the overall condition of unpaved roads is maximized and the selected roads have the highest traffic volume. The cost-factor included in this methodology is determined by the life cycle cost of each treatment type.
As there is no management system utilizing optimization techniques for managing unpaved roads in Wyoming, this study concentrates on developing a methodology that considers local factors and traffic conditions. This methodology was implemented in Laramie County, located in the southern corner of Wyoming, as a case study. This county is responsible for the maintenance of 713 unpaved roadway segments totaling 1074 miles. This study utilized only 20 unpaved roads totaling 47.8 miles to demonstrate the implementation of the proposed optimization model. These roads represent the variations of segment length, road width, and traffic counts around the Laramie County.
Literature Review
The literature review summarizes recent relevant research divided into 4 sections: (1) unpaved road condition assessment method, (2) unpaved road management system (URMS), (3) multiobjective optimization methodology for road management system, and (4) optimization methodology for URMS.
Unpaved Road Condition Assessment Method.
A primary component of a road management system is condition assessment. Several researches attempted to assess road condition using different methods. The methods to assess unpaved road condition are different from the methods applicable for paved roads. Eaton and Beaucham [5] studied factors related to unpaved road conditions. In this research, it was found that unpaved road condition is related to several factors including structural integrity, structural capacity, roughness, and rate of deterioration. These factors can be assessed by observing and measuring the distresses of the surface. There are several methods proposed by different agencies to perform road condition of unpaved roads [5] [6] [7] : pavement surface evaluation and rating (PASER) visual survey method, unsurfaced road condition index method, and unmanned aerial vehicle (UAV) based remote sensing and image processing. The PASER manuals describe how to perform the surveys based on observations made while driving down a road [6, 7] . The PASER manuals include a drainage manual, an unimproved roads manual, and a gravel roads manual. The Gravel-PASER manual uses different distresses (crown, drainage, gravel layer, surface deformation, washboard, potholes, ruts, surface defects, dust, and loose aggregate) to arrive at a single rating on a 5-point scale where 5 represents an excellent condition and 1 is for the failed condition. The United States Army Corps of Engineers in Cold Regions Research and Engineering Laboratory developed procedures for evaluating unpaved road conditions. Several distresses such as cross section, roadside drainage, corrugations, dust, potholes, ruts, and loose aggregate are measured on a scale of 0 to 100 [5] . The Wyoming Local Technical Assistance Program (LTAP) used this technique to assess the unpaved road conditions in Sheridan, Johnson, and Carbon counties [8] . Currently, UAV based remote sensing and image processing is being used to assess the condition of unpaved roads [4] . Drones are used to take photographs of the surface of unpaved roads in a systematic way. Then, developed image processing algorithms analyze the images to identify and quantify the distresses.
Unpaved Road Management
System. The methodology of managing unpaved roads can be developed following the same methodology as PMS. The goal of the PMS methodology is to keep the maximum number of roads in good condition. When the condition of a road falls from poor to a "fail" condition, rehabilitation costs increase four to eight times [9] . According to WYDOT's transportation asset management plan, the program uses a preservation based strategy [10] . This strategy determines the best point in each asset's life cycle to apply a given rehabilitation treatment.
In URMS, deterioration model is critical. The deterioration model calculates future road condition considering existing conditions. Huntington and Ksaibati [8] developed a performance model for gravel roads in Wyoming. In this model, an average deterioration in points per day on an 8-point scale was determined for overall condition, potholes, rutting, and washboards. Shoop et al. [11] studied seasonal deterioration on unsurfaced roads. In this research, the most common distresses, rutting and washboard, have been studied over several years. Two models have been developed and evaluated for using on unpaved roads: mathematical model of pavement performance [12] and highway design and maintenance IV [13] .
Multiobjective Optimization Methodology for Road
Management System. The road maintenance in management system is a multiobjective optimization problem for several reasons: (1) engineers or decision makers want to maximize the network road condition within budget [9, 14] ; (2) preventive and minor rehabilitation treatments are more costeffective than reconstruction [10, 14] ; (3) budget should be more than a certain amount to achieve maximum benefit to society [9] ; and (4) the best mix of roadway segments for rehabilitation should include the segments with more traffic volume [9, 14] . The problem has been characterized as a multiobjective optimization in many research [9, [14] [15] [16] [17] . Sometimes, the problem is considered as a bilevel optimization since it links two levels of decision makers [18] [19] [20] . For example, WYDOT is responsible for allocating the budget to county governments making sure the road condition of county network is maximized. At the same time, the county governments might have different objective functions such as a specific county might want to select the roads with higher traffic volume. So, there are two levels of objectives functions: one is from WYDOT and the other one is determined by county governments. Both levels will seek to achieve their objectives as much as possible within the allocated budget.
Optimization Techniques for URMS.
Identification of the best mix of road preservation projects within a limited budget is considered an important element of road management system. In order to identify the best mix of road preservation projects, there are common approaches such as project prioritization, project ranking, and optimization techniques [2, 9, 15] . Optimization can be referred to as the mathematical programming related to minimizing or maximizing some quantity. The desired results must lie in a subset of the domain of this function. The characteristics of the function and subset that contain the solution to the problem define several different types of optimization problems, each requiring a different method to be solved [21, 22] . Recently, optimization techniques have been considered as the most efficient way to identify the best mix of road preservation projects. Optimization techniques are commonly used for resource allocation in operations research, transportation, management, finance, and manufacturing. In transportation, optimization techniques have been applied in PMS [9, 15] . In PMS, optimization methodology might involve treating roads with high traffic and maximizing the weighted average Pavement Serviceability Index (PSI) based on a set of decision variables subject to various constraints such as budget and traffic counts. A similar methodology can also be implemented in URMS. Unlike PMS, URMS considers different road condition parameters that are usually not considered for paved roads. URMS maximizes overall road conditions incorporating a set of decision variables subject to various constraints such as budget and traffic counts. Different optimization techniques include linear, integer, nonlinear, and dynamic programming [15] . Optimization techniques in URMS include application of both linear and integer programming.
Recent studies conducted in Wyoming on unpaved roads developed unpaved road condition assessment method, unpaved road deterioration model, and unpaved road treatment decision process. None of these previous studies considered optimization models on unpaved roads. This study developed an optimization model to manage unpaved roads and implemented it on a small representative network as a case study.
Methodology
This section presents the formulation of unpaved road management model used in this research. Different agencies and researchers suggested different rating methods to survey unpaved road condition including PASER, Gravel-PASER, unsurfaced road condition index method, unmanned aerial vehicle based remote sensing and image processing, and a method developed by the United States Army Corps of Engineers for cold regions. The rating system in Wyoming for unpaved roads was based on the PASER manual [6] . According to PASER manual, the surface of unpaved roads was rated on a 5-point scale, where 5 represents excellent condition and 1 is for failed condition. In Wyoming, this 5-point scale was transformed into a nine-point scale [23] . The decision to go from a five-to nine-point scale was made to reduce the error when raters choose with more levels. This nine-point scale is used in this paper as Overall Road Condition Index (ORCI). According to this rating method, the primary variables of this model are the road condition indices: roadside drainage (1-3), rutting (1-9), potholes (1-9), loose aggregate (1-9), dust (1-3), corrugation (1) (2) (3) (4) (5) (6) (7) (8) (9) , and ride quality (1) (2) (3) (4) (5) (6) (7) (8) (9) where the extreme values 9 and 1 represent the best and worst conditions, respectively [23] . This distress can be seen in Figure 1 . Depending on these indices, a decision table is used to identify the appropriate treatment type. In this section, the unpaved road deterioration model used in this methodology is discussed first. Then, the algorithm for identifying the best mix of road preservation projects is explained. It is important to mention that this model does not consider political factors but purely life cycle cost of unpaved roads.
Unpaved Road Deterioration Model.
While the typical life of paved roads without maintenance is approximately 20 years, unpaved roads typical service life is in the range of several months to 1 year. This faster deterioration of unpaved roads is affected by many factors: permeability, materials, construction, traffic, environment, and drainage. Among them, the most important factor is the permeability. The unpaved road surface is more permeable than paved surface which causes significant damage due to moisture. Huntington and Ksaibati [8] developed the deterioration model shown in Figure 2 and (1) for unpaved roads in Wyoming. Since this model was developed for Wyoming unpaved roads, this deterioration model can be used in this research. Using this model, an average deterioration can be estimated based on overall road conditions. The deterioration is represented in points per day on a 10-point scale. From this model, the time to go from excellent condition (10) to failed condition (2) can be projected. Figure 1 shows that a typical life of unpaved road is approximately 250 days.
where UCI indicates unpaved condition index and Age is represented in days.
Treatment Types.
The six possible treatment options for county unpaved roads are summarized in Table 1 along with the estimated cost. The cost of these treatment types was obtained from county engineers and road superintenders in various Wyoming counties [2] . If the costs of maintaining unpaved roads are compared with the county paved roads, it was found that reconstruction costs of county paved roads are approximately 6 times higher than unpaved roads for a milelong roadway segment. On the other hand, the frequency of applying maintenance treatments for unpaved roads is approximately 4 times higher. The decision information used to identify the appropriate treatment types for unpaved roads in Wyoming can be seen in Table 2 . Appropriate treatment is selected based on seven distresses (cross section/crown, roadside drainage, rutting, potholes, loose aggregate, corrugation, and dust), AADT, and top width. Based on the AADT and top width, a service level is assigned for a roadway segment (see Table 3 ). Note that the AADT is one of the primary variables used in the optimization model. The primary objective of including ADT is to prioritize the segments for maintenance. As AADT is not available for all unpaved roads in Wyoming, functional classification of roads can be used instead of AADT. The distresses are also categorized from poor to fail condition based on a 9-point scale. Using the service level and distress condition, an appropriate treatment type can be identified from Table 2 . It can be seen that as the service level increases, comparatively an expensive treatment type is selected for poor roadway condition.
Unpaved Road Management
System. The proposed URMS for county unpaved roads considers not only the costfactor but also local conditions such as ORCI and average daily traffic (ADT). The objective of the developed model is to maximize a function that considers 3 independent parameters: road condition, ADT, and cost-factor.
where ADT expresses the average daily traffic for road , Cost-Factor is the function of treatment type, is an integer equal to one if the project is selected and 0 if it is not selected, and ORCI represents the minimum index among the 7 distress indices. This is a combinatorial optimization problem where one selects a collection of projects of maximum value while satisfying some weight constraint. As mentioned in Table 1 , the following treatments are normally applied to county unpaved roads: doing nothing, LB, HB, TG, DR, RG, and RC. In this research, it was assumed that cost-factor depends on the treatment cost. As the cost increases, cost-factor also increases exponentially. For example, the cost of TG treatment is 33 percent lower than DR treatment. So the cost-factor of TG is also 33 percent lower than DR. The variation of treatment cost and costfactor can be seen in Figure 3 . In this research, the costfactor ranges from 0 to 1 where 1 represents high maintenance roads that require immediate treatment and 0 represents low maintenance roads. The cost-factor can be determined using Journal of Advanced Transportation The ORCI can also be determined using (4). The selected model can be used to satisfy any budget limit. This methodology can also be used to prepare a five-year capital improvement plan (CIP) for unpaved roads. For unpaved roads, every 4 months the road conditions need to be reevaluated. To evaluate the future road condition, (1) 
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Data Collection.
There are several types of data needed for this research: roadway segmentation, traffic counts, road width, and road condition data. All needed data was collected from Wyoming LTAP center data bases. The datasets were then combined into the comprehensive database shown in Table 4 . The following subsections discuss the datasets briefly.
Segmentation.
Roadway segmentation was performed by the Wyoming LTAP center. The segments begin and end where there are new construction and intersect with other roads or other changes in the road. A total of 20 segments were established. Each segment was mapped with ArcGIS.
Traffic Counts and Road Widths.
The traffic counts and road widths on the 20 roadway segments were obtained as shown in Table 4 . The traffic counts vary between 166 and 438. The road top widths of these segments vary between 15 and 30 feet.
Road Condition Data.
The unpaved road conditions are characterized by several parameters: cross section, roadside drainage, rutting, potholes, loose aggregate, dust, corrugation, and ride quality. The Wyoming LTAP center performed the data collection effort on the selected segments. The parameters were ranked on a scale of 1 to 9 except cross section, roadside drainage, and dust where 1 represents the worst condition and 9 is for the best condition. Cross section, roadside drainage, and dust were ranked on a scale of 1 to 3. In this research, the rankings of cross section, roadside drainage, and dust were converted to a scale of 1 to 9 in order to have the same scale for all the parameters.
Preliminary Analysis
A preliminary analysis was conducted on the datasets used in the research to summarize the road condition with budget needs. There are 20 roadway segments totaling approximately 47 miles in the study area. Three different scenarios were summarized in Table 5 : average road conditions at existing conditions, conditions after 3 months without any maintenance, and conditions after applying treatments required. The reason of considering 3-month period is that the unpaved roads require next higher level of rehabilitation approximately every 3 months based on existing condition. The overall road condition of each segment is defined as the minimum rating among the 7 distress parameters. The average condition of all segments is defined as the condition weighted by length of segments. Based on the traffic counts and distress conditions of those segments, a specific treatment type with associated cost for each segment was identified. It was found that before applying treatments the average weighted condition was 5.4 out of 9. On the other hand, after applying the required treatments for all segments, the average weighted condition was 8.2. If no treatments are applied for 3 months, the average weighted condition would have been 2.4. It was found that a total of $0.84 million were needed to apply the necessary treatments required for all segments.
Data Analysis
The optimization model developed in this research was based on the following principles:
(i) Preventive and minor rehabilitation treatments are more cost-effective than reconstruction.
(ii) High traffic volume roadways should have higher priority when selecting treatments.
(iii) The only constraint in this model is the budget.
In the objective function, the budget was determined by the cost of a single project applying the most expensive treatment for the current maintenance scheme. From the data used in this research, it was found that road number 7 (CR 222) costs $261,000 for implementing regravel (RG) treatment (see Table 5 ). Therefore, $261,000 was considered as the budget limit for the first 3 months. It is important to note that, in this research, every 3 months the road condition needs to be reevaluated as the unpaved roads require next level of rehabilitation approximately every 3 months. In order to obtain yearly budget, the optimization model was performed every 3 months in a year and then the budget was accumulated for the entire year.
To optimize the budget, different counties might be interested in optimizing different parameters. For example, engineers might want to maximize the network road conditions. In this research, the following four possible options were analyzed to demonstrate to counties the potential of the proposed model. Saha and Ksaibati [9] concluded that the model incorporating road condition parameters provides the most benefit to society. In this study, only the combined model (Option 4) was presented incorporating road condition, cost-factor, and ADT. In any roadway network, segments are different in length, traffic volumes, and road conditions. When results are summarized for the model proposed, the variables were weighted based on segment lengths to represent the overall network condition. The combined model that includes road condition, cost-factor, and ADT can be considered as the multiobjective optimization model. In this model, the objective functions should be achieved within the allocated budget. Since the budget was determined by the cost of a single project based on the most expensive treatment for every 3 months, the allocated budget changes every 3 months. The model was implemented for every 3 months to determine the budget for the entire year. The budget for every 3 months along with the entire year can be seen in Table 6 . It can be seen that, over time, the overall road conditions improved while decreasing cost-factor and increasing traffic volume on the selected projects.
The summary projects for the first 3 months can be seen in Table 7 . During this time period, budget was limited to $261 thousand. In this table, the summary of selected projects appears in italic font. The proposed model was implemented for every 3 months in the entire year. The selected projects for the entire year associated with selected treatments can be seen in Table 8 . It can be seen that, in the first year, each road will be treated at least once.
Conclusions
In the state of Wyoming, there is a total of 27,831 centerline miles of roadway owned and maintained by federal, state, and local entities. WYDOT utilizes its PMS to maintain 6,844 miles of interstate and state highways. Also, a PMS for managing county paved roads (2,444 centerline miles) is in progress. Currently, there is no optimization model or road maintenance database for the 12,000 miles of local unpaved roads. This research developed an optimization methodology to develop a management system for unpaved roads. The methodology developed identifies the best mix of road preservation projects that uses limited available resources.
The methodology was applied as a case study on the unpaved roadway network consisting of 20 roadway segments totaling 47.8 miles in Laramie County. This methodology included a multilevel optimization maximizing the overall road condition, minimizing life cycle cost, and maximizing traffic volume on the roadway segments that are selected for preservation projects. As unpaved roads require next level of maintenance every 3 months, the methodology was applied to identify the best mix of road preservation projects over a similar time period. The budget of 3 months was determined by the cost of a single project applying the most expensive treatment. To determine the budget for the entire year, the methodology was applied 4 times in a year and the total budget was accumulated over a year. Results show that the maintenance cost for a year is expected to be approximately $2.4 million dollars and it improves the overall condition rating from 5.4 to 8.19. It also can be noticed that when a major treatment is applied, only minor treatments are required for the next several months.
The developed methodology can be highlighted as follows:
(i) It is tailored specifically to county unpaved roads.
(ii) This methodology considers that preventive and minor rehabilitation treatments are more costeffective than reconstruction. (iii) This methodology can be implemented in all 23 counties in the state of Wyoming and can be used by other states for developing a management system for unpaved roads. It is important to note that the objective function used in this model considered the parameters that may not be important to other states. For example, in the case study traffic volume was (iv) The Wyoming Legislators can use the findings of a statewide optimization to allocate the appropriate resources to manage the unpaved roads in Wyoming.
(v) For other states, some minor changes in the methodology may be needed to reflect local conditions.
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